Introduction
Neuroactive steroids are endogenous neuromodulators, synthesized de novo in brain as well as in the adrenals and gonads. They have potent effects on neurotransmission Psychoneuroendocrinology (2012) 37, 543-553 
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For example, there is robust evidence from both animal and human studies that the 3a-reduced neuroactive steroid metabolites of progesterone, (3a,5a)-3-hydroxypregnan-20-one (3a,5a-THP or allopregnanolone) and (3a,5b)-3-hydroxypregnan-20-one (3a,5b-THP) are decreased in depression (Eser et al., 2006; Nappi et al., 2001; Romeo et al., 1998; Strohle et al., 1999 Strohle et al., , 2000 Uzunova et al., 1998 Uzunova et al., , 2006 . When compared with non-depressed controls, depressed patients have lower plasma and CSF concentrations of 3a,5a-THP (Eser et al., 2006; Nappi et al., 2001; Romeo et al., 1998; Strohle et al., 1999 Strohle et al., , 2000 Uzunova et al., 1998 Uzunova et al., , 2006 , but higher concentrations of the 3a,5a-metabolite of deoxycorticosterone (3a,5a)-3,21-dihydroxypregnan-20-one (3a,5a-THDOC) (Strohle et al., 1999 (Strohle et al., , 2000 , which may reflect differential alteration in the biosynthesis of deoxycorticosterone or its metabolites in depression (Strohle et al., 1999 (Strohle et al., , 2000 . Our prior research also suggested there may be a differential regulation of metabolic pathways involved in the conversion of progesterone to 3a,5a-THP in women with a menstrually related depressive disorder (premenstrual dysphoric disorder: PMDD), since those patients showed significantly elevated 3a,5a-THP/progesterone ratios relative to non-affected controls (Girdler et al., 2001; Klatzkin et al., 2006a) . Our prior studies were limited, however, by the absence of measurement of other neuroactive steroids, thereby preventing us from examining the relationship of 3a,5b-THP to other neurosteroids. Indeed, it is likely that the GABAergic metabolites of progesterone, deoxycorticosterone, and DHEA are both singularly and coordinately significant physiological regulators of central nervous system excitability (Morrow, 2007) .
Regardless of mechanism, the pathophysiological relevance of altered neurosteroid concentrations in humans comes from studies showing inverse relationships between 3a,5a-THP concentrations and severity of the depressive illness (Nappi et al., 2001; Uzunova et al., 1998) and from other studies showing that clinically efficacious treatment with antidepressants is associated with increases in 3a,5b-THP (Romeo et al., 1998; Strohle et al., 1999 Strohle et al., , 2000 Uzunova et al., 1998) and decreases in 3a,5a-THDOC (Strohle et al., 1999 (Strohle et al., , 2000 .
With our recent validation of a method using gas chromatography-mass spectrometry (GC-MS) to simultaneously identify serum levels of 3a,5a-and 3a,5b-reduced derivatives of progesterone, deoxycorticosterone, DHEA and testosterone in both human and rat serum (Porcu et al., 2009) , we report here a secondary analysis of the serum samples collected from women enrolled in a prior study that was designed to examine the metabolism of oral micronized progesterone to 3a,5a-THP in women with PMDD and in non-PMDD controls (Klatzkin et al., 2006a) . That initial study assessed only 3a,5a-THP, using radioimmunoassay techniques, but found that women with a history of depression (both PMDD and non-PMDD women) had lower 3a,5a-THP levels following oral micronized progesterone than never depressed women (Klatzkin et al., 2006a) .
In the present report, we sought to extend the previous literature on neuroactive steroid levels in depression, which has focused almost exclusively on the 3a,5a-and 3a,5b-reduced derivatives of progesterone (Uzunova et al., 2006) , by assessing a broader array of GABAergic neuroactive steroids in women with a history of depression compared with never depressed women (all non-PMDD women). Specifically, using GC-MS methods, we examined serum levels of four progesterone-derived GABAergic neuroactive steroids:3a,5a-THP, 3a,5b-THP, 3a,5a-THDOC and (3a,5b)-3,21-dihydroxypregnan-20-one (3a,5b-THDOC), as well as the precursor pregnenolone. We also examined the androstenedione-derived neuroactive steroids (3a,5a)-3-hydroxyandrostan-17-one (3a,5a-A) and (3a,5b)-3-hydroxyandrostan-17-one (3a,5b-A), and the precursor DHEA (see Fig. 1 for the biosynthetic pathway). Finally, we examined whether histories of depression would be associated with evidence for differential regulation of the metabolic pathways involved in the conversion of progesterone to its 3a,5a-or 3a,5b-neuroactive steroids following a controlled dose of oral micronized progesterone.
Methods

Subjects
Eleven women meeting DSM-IV criteria for prior depressive disorders and 17 controls with no lifetime history of depression comprised the subjects of this report. All subjects were medically healthy and free of any current psychiatric Axis I disorder. Normal ovulatory function was confirmed with the detection of the LH surge via home urine testing during the two preceding menstrual cycles, as well as with serum estradiol and progesterone values sampled during the luteal phase over three consecutive cycles in order to establish normal luteal phase concentrations. No participant had taken any prescription medication, including oral contraceptives, for at least three months prior to enrollment. The protocol was approved by the University of North Carolina, Committee on Protection for the Rights of Human Subjects. Subjects provided written informed consent before participation and each received $200 compensation.
Procedures
2.2.1. Psychiatric histories Structured clinical interviews (SCID) based on DSM-IV criteria for Axis I disorders were conducted during the follicular phase of the menstrual cycle by a trained interviewer. All diagnoses were based on a consensus diagnostic session with a psychiatrist. A history of psychotic disorders, bipolar disorder, drug or alcohol dependence, or PMDD was exclusionary for all subjects in this report. Eleven women were classified as having a history of depression, defined as prior major depressive disorder (n = 6), prior minor depressive disorder (n = 4) or prior adjustment disorder with depressed mood (n = 1). For past depressive disorders, seven months in full remission was required before testing. The never depressed control subjects were specifically recruited to have no lifetime history of any depressive disorder. For other Axis I disorders, three years in full remission was required for both groups.
Experimental procedures
Each woman was tested during days 2-6 of the follicular phase on two consecutive menstrual cycles, a time associated with low and stable levels of endogenous progesterone and estradiol. Subjects completed the Beck Depression Inventory (Beck et al., 1961) during the 24-h period that preceded each laboratory test session in order to confirm the absence of clinically significant depressive symptoms at the time of testing. Using a double-blind, cross-over design, during one menstrual cycle subjects received 300 mg of micronized progesterone while in the other they received a placebo in masked capsules, with order randomized. Since progesterone-derived neuroactive steroid concentrations in the follicular phase are undetectable in a substantial portion of women (Girdler et al., 2001) , neurosteroid concentrations from the placebo session were not analyzed, though the placebo session served as a control condition for the nonspecific effects of ingesting a pill or medication. Choice of dose was based both on our own pilot testing that revealed significant sedation with higher doses and our desire to induce plasma progesterone concentrations consistent with luteal phase concentrations (Freeman et al., 1992) .
The subjects arrived at the laboratory at 0700 after an overnight fast. Each consumed a standardized meal prepared by the institution's General Clinical Research Center containing 681 calories and composed of 18% protein, 22% fat and 60% carbohydrate. Subjects were required to consume the meal within 15 min, immediately after which endogenous levels of serum progesterone and GABAergic neuroactive steroids were assessed. This sample constituted the preprogesterone concentrations. At precisely 30 min following completion of the meal, subjects consumed three masked pills (300 mg of micronized progesterone or placebo), followed by a 45-min rest period. An intravenous (i.v.) line was then established in an arm vein. Based on prior studies indicating that 300 mg oral micronized progesterone results Abbreviations -3a,5a-THP: (3a,5a)-3-hydroxypregnan-20-one; 3a,5b-THP: (3a,5b)-3-hydroxypregnan-20-one; 3a,5a-THDOC: (3a,5a)-3,21-dihydroxypregnan-20-one; 3a,5b-THDOC: (3a,5b)-3,21-dihydroxypregnan-20-one; 3a,5a-A: (3a,5a)-3-hydroxyandrostan-17-one; 3a,5b-A: (3a,5b)-3-hydroxyandrostan-17-one; 5a-DHP: 5a-dihydroprogesterone; 5b-DHP: 5b-dihydroprogesterone; 5a-DHDOC: 5a-dihydrodeoxycorticosterone; 5b-DHDOC: 5b-dihydrodeoxycorticosterone; 5a-DHT: 5a-dihydrotestosterone; 5b-DHT: 5b-dihydrotestosterone; DHEA: dehydroepiandrosterone; HSD: hydroxysteroid dehydrogenase.
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in peak plasma concentrations within 1-3 h following administration (McAuley et al., 1996) , but remain relatively stable over 4 h (Freeman et al., 1992) , blood was sampled at 160 min following the administration of progesterone. This sample yielded the progesterone and neuroactive steroid concentrations reported here. This sample was also used to analyze resting cortisol concentrations as an additional measure of adrenal function. Moreover, because one aim of the parent study was to examine 3a,5a-THP responses to stress (Klatzkin et al., 2006b) , following the extended rest period that provided the 160 min samples, subjects were exposed to the Trier Social Stress Test (TSST) (Kirschbaum et al., 1993) , involving the administration of a speech stressor and mental arithmetic stressor. After a 10-min recovery that followed the TSST, blood was again sampled and provides a measure of stress-induced cortisol concentrations.
Neuroactive steroid analysis
Neuroactive steroids were measured in serum by GC-MS following purification by solid phase extraction, as previously described (Porcu et al., 2009 ). Serum samples (300 ml) were spiked with 400 pg/ml of each deuterated internal standard and applied to C18 solid phase extraction columns (RPN1910, 500 mg, GE Healthcare, UK) that had been preconditioned with 4 ml methanol and 4 ml distilled water. The column containing the sample was washed with 4 ml distilled water in order to remove high polar impurities. Columns were dried under vacuum for 30 minutes and neuroactive steroids were then eluted with 2 ml methanol. The extracts were evaporated in a speed vacuum concentrator (Thermo Fisher Scientific, Inc., Waltham, MA, USA). The dry residue was resuspended in 2 ml of ethyl acetate/methanol (80/20, v/v) and the sample was filtered through a NH 2 column (Supelclean LC-NH 2 , 500 mg, Supelco, Bellefonte, PA, USA) previously preconditioned with 4 ml of ethyl acetate and 4 ml of ethyl acetate/ methanol (80/20, v/v) . The neuroactive steroids passed unretained through the sorbent, and the eluate was collected. The NH 2 column was further rinsed with 2 ml of the solvent mixture and the combined eluates were evaporated in the speed vacuum concentrator. Dried samples after purification were resuspended in 800 ml methanol and transferred to derivatization vials (Wheaton, Millville, NJ, USA). Methanol was evaporated and samples were derivatized in 450 ml of ethyl acetate and 50 ml of heptafluorobutyric acid anhydride, followed by vortex mixing. Samples were allowed to react for 2 h at room temperature and were dried under a gentle stream of nitrogen. Derivatized samples were resuspended in 10 ml of heptane and 2 ml of each sample was injected in duplicate into the GC-MS. Analysis was carried out on an Agilent 6890 gas chromatograph coupled to a 5973 mass selective detector (Agilent Technologies, Inc., Santa Clara, CA, USA) operated in negative chemical ionization mode. A capillary column (30 m Â 0.25 mm, 0.25 mm film thickness, 5%-phenyl-methylpolysiloxane, J&W Scientific, Agilent Technologies, Inc., Santa Clara, CA, USA) was used to separate the derivatives of each neuroactive steroid. Samples were injected into the GC in splitless mode at 12 psi and at 250 8C using a 7683 series injector (Agilent Technologies, Inc., Santa Clara, CA, USA). The carrier gas was ultrapure helium (99.9995%, Airgas National Welders, Durham, NC, USA) set at constant flow of 1.0 ml/min. Methane (99.999% Airgas National Welders, Durham, NC, USA) was the reagent gas. The initial GC oven temperature was 75 8C (0.86 min hold), followed by an increase to 210 8C at 358 increments (3 min hold), an increase to 235 8C at 2.58 increments (9 min hold) and finally to 310 8C at 258 increments (2 min hold). The transfer line temperature was maintained at 280 8C. Neuroactive steroids were analyzed by single ion monitoring. The data acquisition was broken into retention windows corresponding to the elution of the different neuroactive steroid groups. The temperatures of mass spectrometer source and quadrupole were 150 8C. Neuroactive steroids were quantified by interpolation of linear regression standard curves. Calibration curves were made in 300 ml distilled water spiked with 5 ml human charcoal-stripped serum (Gemini Bio-Products, Woodland, CA, USA), with 400 pg/ml of each deuterated internal standard and with the appropriate known concentration of neuroactive steroids (2, 10, 20, 50, 100, 200, 500, 1000, 2000 and 3000 pg/ml). A blank standard (5 ml human charcoal-stripped serum/300 ml distilled water) was also included. Calibration curves underwent the same extraction procedure as the samples. Steroid standards (>99% purity) for 3a,5a-A, 3a,5b-A, 3a,5b-THP, 3a,5b-THDOC, DHEA and pregnenolone were purchased from Steraloids, Inc. (Newport, RI, USA). Deuterium-labeled standards (>95% purity) (d4-17,21,21,21)-3a,5a-THP and (d3-17,21,21)-3a,5a-THDOC were purchased from Cambridge Isotope Laboratories, Inc. (Andover, MA, USA). (d4-2,2,4,4)-3a,5a-A was purchased from Cerilliant (Round Rock, TX, USA). 3a,5a-THP, 3a,5a-THDOC and (d4-17,21,21,21)-pregnenolone (98% purity) were synthesized by Dr. R.H. Purdy (Veterans Medical Research Foundation, San Diego, CA, USA). Derivatization reagent heptafluorobutyric acid anhydride was purchased from Pierce (Rockford, IL, USA). Organic solvents were pesticide grade from Thermo Fisher Scientific, Inc. (Waltham, MA, USA).
Data analysis
Group differences in demographic factors and psychiatric histories were examined using a one-way (history of depression: yes or no) analysis of variance (ANOVA) or chi-square analysis.
Descriptive statistics and plots (not shown) were produced for the concentration of each GABAergic neuroactive steroid before and after oral progesterone. As expected, based in part on the considerable intersubject variability in the extent of progesterone absorbed after administration of oral micronized progesterone (McAuley et al., 1996) , there was extreme positive skewness in the distributions of the neuroactive steroids. Consequently, standard normal theory ANOVA methods could not be used for inference. In order to examine diagnosis-related differences in GABAergic neuroactive steroid concentrations before and after oral progesterone, a generalized estimating equations (GEE) model with a gamma distribution and log link function was fit. Depression group, neuroactive steroid (3a,5a-THP, 3a,5b-THP, pregnenolone, 3a,5a-A, 3a,5b-A and DHEA), time point (pre-vs. post-progesterone administration), and all two and three way interactions were included in the model as fixed effects. The within subject correlation due to multiple neuroactive steroids and time points was estimated using empirical standard errors (Zeger et al., 1988) . Goodness of fit statistics was examined to indicate adequate fit of the model. Any non-significant interaction terms were deleted before performing hypothesis tests in the final model. To determine the source of any significant depression or time effect, a separate GEE model was fit to each neurosteroid. Such models were identical to the model described above, but excluded fixed effects terms and interactions for neurosteroid. Progesterone and cortisol were also examined at this stage using a GEE model with a gamma distribution. Due to the non-detection of pre-progesterone concentrations of 3a,5a-THDOC and 3a,5b-THDOC in the majority of subjects, these neuroactive steroids were not included in the GEE analyses. Thus, 3a,5a-THDOC and 3a,5b-THDOC were considered only for analyses involving ratios of neuroactive steroids to progesterone at the post-progesterone time point (see below).
Next, correlational analyses were performed in the full sample of women (n = 28) in order to examine the relationship of endogenous progesterone concentrations to neuroactive steroid concentrations as well as inter-correlations among the various neurosteroids both before and after oral micronized progesterone.
Finally, as an index of the metabolism of oral micronized progesterone to neuroactive steroids (Girdler et al., 2001) , for the neuroactive steroids most directly derived from progesterone (3a,5a-THP, 3a,5b-THP, 3a,5a-THDOC and 3a,5b-THDOC), we examined diagnosis-related differences in the ratios of the GABAergic neuroactive steroids to progesterone using one-way ANOVAs (history of depression: yes or no). All ratios were log-transformed to aid in the interpretability of the graphical representation.
For certain neurosteroids, there were individual sample values that exceeded three standard deviations above the mean (11 samples total), most likely reflecting sample contamination. These values were not included in the analyses. Consequently, the sample size varies slightly across the different neurosteroids. See Table 2 for the sample size that contributed to each neurosteroid concentration value.
All analyses were conducted using SAS software, version 9.2.
Results
Demographic factors
As summarized in Table 1 , there were no differences between never depressed women and those with histories of depression in age, body mass index (BMI), or proportion of minorities. There were no differences between groups in the proportion of subjects with prior posttraumatic stress disorder (PTSD) or eating disorders, though more women with prior depression had a history of anxiety (X 2 (1) = 4.9, p < 0.05) and substance abuse (X 2 (1) = 3.9, p < 0.05) than never depressed women. Women with a history of depression also had elevated Beck Depression Inventory scores at the time of testing than never depressed women (F(1,26) = 5.47, p < 0.05). For those with a history of depression, Table 1 also summarizes the mean number of months since the last depressive episode and the proportion of women with single vs. multiple episodes.
3.2. Progesterone concentrations at baseline and following oral progesterone administration Table 2 summarizes progesterone and neuroactive steroid concentrations before and after oral micronized progesterone administration. For all women, progesterone serum levels were elevated following oral progesterone (F(1,27) = 133.6, p < 0.0001). However, as previously reported in the prior study from which we conducted these secondary analyses (Klatzkin et al., 2006a) , women with prior depression had lower serum progesterone concentrations both before and after oral micronized progesterone compared to women with no prior depression (F(1,26) = 10.47, p < 0.01).
Neuroactive steroid concentrations at baseline and following oral progesterone administration
As summarized in Table 2 , at both pre-and post-oral progesterone time points, women with histories of depression exhibited lower levels of all neuroactive steroids than did never depressed women (F(1,26) = 12.2, p < 0.01). A significant time point Â neuroactive steroid interaction was also obtained (F(5,127) = 37.96, p < 0.0001). In order to determine the source of the interaction a separate GEE model was fit to each neurosteroid. Progesterone induced a significant increase in 3a,5a-THP (F(1,26) = 125.5, p < 0.0001) and 3a,5b-THP (F(1,27) = 8.66, p < 0.01), but did not increase pregnenolone, DHEA, 3a,5a-A or 3a,5b-A (Table 2) . Although 3a,5a-THDOC and 3a,5b-THDOC were not included in the formal analyses due to so few subjects with detectable concentrations at the pre-progesterone time point (13 and 7 subjects, respectively), both 3a,5a-THDOC and 3a,5b-THDOC were detectable in the majority of subjects at the post-progesterone time point (22 and 21 subjects, respectively), suggesting that oral progesterone did induce a significant increase in these neuroactive steroids as well.
Cortisol concentrations at baseline rest and following mental stress
While both groups showed a significant increase in cortisol following mental stress relative to their own baseline rest concentrations (F(1,26) = 6.44, p < 0.02), women with histories of depression had reduced cortisol concentrations relative to never depressed women at both time points (F(1,26) = 5.64, p < 0.03).
Relationship between serum progesterone concentrations and neuroactive steroid concentrations before and after oral progesterone administration
Serum progesterone concentrations before the oral administration of micronized progesterone were not significantly correlated with any of the neurosteroids (rs = À0.24 to +0.29). In contrast, serum progesterone concentrations following oral progesterone administration were highly correlated with each of the progesterone-derived neuroactive steroids: 3a,5a-THP (r = +0.91, p < 0.0001), 3a,5b-THP (r = +0.75, p < 0.0001), 3a,5a-THDOC (r = +0.766, p < 0.001), and 3a,5b-THDOC (r = +0.96, p < 0.0001), as well as with the precursor pregnenolone (r = +0.54, p < 0.01). Serum progesterone concentrations following oral progesterone were not correlated with DHEA (r = À0.20), 3a,5a-A (r = +0.07) or 3a,5b-A (r = +0.07). These results strongly indicate that the significant increase in the progesterone-derived neuroactive steroids following oral progesterone administration resulted directly from the metabolism of progesterone to its derivative neuroactive steroids.
Relationship among the neuroactive steroid concentrations before and after oral progesterone administration
Both prior to and after progesterone administration, 3a,5a-THP,3a,5b-THP, pregnenolone, DHEA, 3a,5a-A and 3a,5b-A were highly inter-correlated with one another (rs = +0.41 to +0.98, ps < 0.05), with the exception of pre-progesterone 3a,5b-A that was not significantly correlated with pre-progesterone pregnenolone (r = +0.31). For 3a,5a-THDOC and 3a,5b-THDOC, since pre-progesterone concentrations were undetectable in a substantial number of subjects, only postprogesterone correlations were examined, yielding a high inter-correlation with each other (r = +0.60, p < 0.01), and with most other neuroactive steroids (rs = +0.47 to +0.96, ps < 0.05). The exceptions were 3a,5b-THDOC with 3a,5b-A (r = +0.28, p = ns) and with 3a,5a-A (r = +0.35, p = ns); and 3a,5a-THDOC with 3a,5b-A (r = +0.17, p = ns).
3.7. Neuroactive steroid/progesterone ratios 3a,5a-THP, 3a,5b-THP, 3a,5a-THDOC and 3a,5b-THDOC Prior to oral progesterone administration, women with prior depression did not differ from never depressed women in neuroactive steroid/progesterone ratios for 3a,5a-THP (6.1 vs. 5.7, respectively), 3a,5b-THP (6.6 vs. 5.2), 3a,5a-THDOC (4.7 vs. 4.3) or 3a,5b-THDOC (4.3 vs. 4.9) (all ps > 0.15). However, as illustrated in Fig. 2 , following progesterone administration, women with a history of depression had significantly higher ratios of 3a,5a-THP (F(1,26) = 4.84, p < 0.05), 3a,5b-THP (F(1,27) = 6.98, p < 0.05) and 3a,5a-THDOC (F(1,21) = 8.58, p < 0.01) to progesterone than never depressed women. Women with prior depression also tended to have a higher ratio of 3a,5b-THDOC/progesterone (F(1,20) = 4.1, p < 0.06) than the never depressed women at the post-progesterone time point.
Discussion
The primary finding of this study was a generalized reduction in GABAergic neuroactive steroid concentrations in women with histories of depression relative to never depressed women. This was true for the 3a,5a-and 3a,5b-derived neuroactive steroids of progesterone as well as its precursor pregnenolone, and for the 3a,5a-and 3a,5b-derived neuroactive steroids of androstenedione and their precursor DHEA. Moreover, this pattern of reduced neuroactive steroid concentrations was evident both before and after the administration of oral micronized progesterone. It should be noted that the 3a,5a-and 3a,5b-derived neuroactive steroids of deoxycorticosterone were also lower following oral micronized progesterone in women with depression histories, though the number of samples with non-detectable levels prior to the progesterone administration prevented formal statistical analyses of this effect. The principal finding of reduced GABAergic neuroactive steroids in women with histories of depression is partially inconsistent with two prior reports in patients with current major depression that found lower 3a,5a-THP but elevated concentrations of 3a,5a-THDOC, suggesting a differentially greater conversion of progesterone to deoxycorticosterone in depressed patients, thereby reducing the substrate for 3a,5b-THP and increasing it for 3a,5b-THDOC (Strohle et al., 1999 (Strohle et al., , 2000 . A number of methodological differences between our study and those of Strohle et al. (1999 Strohle et al. ( , 2000 may account for the discrepant findings, not the least of which is that our study included remitted women with histories of depression, while the studies by Strohle and colleagues included patients with current depression. One theoretical possibility is that different phases of the depressive illness are associated with differences in enzymatic or other processes underlying the synthesis and metabolism of neuroactive steroids. Thus, current depressive illness may provide a physiologic state in which neurosteroid metabolism differs, similar to what has been observed in pregnancy (Gilbert Evans et al., 2005) . Additionally, the studies by Strohle and colleagues included either exclusively male (Strohle et al., 2000) or mixed gender samples (Strohle et al., 1999) . Given that the ovaries represent one source of 3a,5a-THP (Paul and Purdy, 1992) , and the lack of control for menstrual cycle phase in their study that included women (Strohle et al., 1999) , gender or cycle phase could well play a role in depression-related differences in neuroactive steroid concentrations. Regardless of the reason for the discrepant findings, a remarkable feature of our results is the evidence for persistent disturbance in a variety of GABAergic neuroactive steroids concentrations in women who had been in remission from their depression for an average of five years.
While the reason for this global reduction in GABAergic neuroactive steroids in women with prior depression is unknown, the most parsimonious explanation may be one of adrenal suppression. The adrenals are the main secretory source of circulating progesterone during the early follicular phase, the time frame for testing in the present report, with the main source of progesterone not shifting to the ovaries until the late, pre-ovulatory follicular phase (De Geyter et al., 2002) . Adrenocorticotropic hormone (ACTH) stimulates the conversion of cholesterol to pregnenolone in the adrenal cortex (Simpson and Waterman, 1988) , which is rapidly converted to progesterone, 17a-hydroxyprogesterone and androstenedione by the enzymes 3b-hydroxysteroid dehydrogenase and 17a-hydroxylase/17,20-lyase (cytochrome P450c17) (see Fig. 1 ). Consequently, adrenal suppression could account for the pattern of our results since pregnenolone, the precursor for all of the GABAergic neuroactive steroids, was significantly lower in women with depression histories. Adrenal suppression is also supported, in part, by our observation that the women with histories of
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Figure 2 Ratio of (3a,5a)-3-hydroxypregnan-20-one (3a,5b-THP), (3a, (3a, and (3a, to progesterone in women as a function of depression histories. depression exhibited lower plasma cortisol concentrations at rest and following stress than the never depressed women.
While HPA-axis hyperactivity is considered a hallmark of melancholic depression (Gillespie and Nemeroff, 2005) , studies on HPA-axis activity associated with remission of depression are scarce and conflicting (Deuschle et al., 2003; Sachar et al., 1970; Steiger et al., 1989) . However, results of a recent study in women in full remission from major depression for an average of 61 months are also consistent with adrenal suppression since they found lower morning salivary cortisol concentrations, lower resting serum cortisol concentrations, and a blunted cortisol and ACTH response to mental stress in the patients with remitted depression compared with age-matched never depressed women (Ahrens et al., 2008) .
What might account for a decreased pituitary drive to the adrenals and suppression of steroidogenesis in women with depression histories? One possibility relates to the stressresponsive nature of the GABAergic neuroactive steroids. Under the control of ACTH (Reddy, 2006) , the precursors DHEA (Maninger et al., 2010) and prenenolone (Vallee et al., 2000) as well as their 3a,5a-and 3a,5b-metabolites of progesterone, deoxycorticosterone and androstenedione, have been shown to increase in response to acute stress (Barbaccia et al., 1997; Paul and Purdy, 1992) . The most consistently studied of these neuroactive steroids within the context of stress are 3a,5a-THP and 3a,5a-THDOC. Animal models provide strong and consistent evidence that these steroid metabolites act as endogenous suppressors of the endocrine response to stress (Morrow et al., 1995; Purdy et al., 1991) , restoring both normal GABAergic and HPA-axis function following acute stress (Barbaccia et al., 1997; Guo et al., 1995; Patchev et al., 1996; Strous et al., 2006) . However, a more recent animal study showed that 3a,5a-THP injection in the absence of stress produced transient increases in basal corticosterone, ACTH and corticotrophin releasing factor (CRF) levels (Naert et al., 2007) . Thus, 3a,5a-THP may have a regulatory function that depends on the basal state of the animal (Naert et al., 2007) .
While neurohormonal activation in response to stress is adaptive in the short-term, long-term activation of such responses due to repeated or chronic stress may lead to persistent dysregulation in stress responsive systems. In humans, the price of repeated biological adaptations to stress has been termed allostatic load, referring to the long-term effect of physiologic responses to stress (McEwen, 1998) . Allostatic load, or dysregulation in stress responsive systems, may manifest in a variety of ways, including repeated elevations of neurohormonal stress mediators (e.g., cortisol, norepinephrine) over long periods, as a failure to adapt to a stressor, as a failure to shut off the normal stress response, as alterations in basal neurohormonal concentrations, or as an inadequate hormonal response to stress (McEwen, 1998; Siever and Davis, 1985) . It has been suggested that such hypoactivation of stress responsive systems may result from a wearing out or exhaustion of the system due to long-term stress exposure and allostatic load (McEwen, 1998) .
Although no studies to date have specifically examined the association of chronic stress with neuroactive steroid function in depressed patients, it could be argued that depression is itself a chronic stressor, and increased psychosocial stress is frequently a trigger for the onset of depressive illness (Monroe and Harkness, 2005) . The link between chronic stress and neuroactive steroid ''depletion'' is supported in part by animal models showing that protracted long-term adaptation to the stress of social isolation, a characteristic feature of human depression (Prince et al., 1997; Roberts et al., 1997) , is associated with anxiety, aggression, and decreased response to GABAmimetic drugs and with significantly lower brain and plasma neuroactive steroid concentrations, including 3a,5a-THP and 3a,5a-THDOC (Dong et al., 2001; Serra et al., 2000) . The finding that the expression in mouse brain of 5a-reductase (mRNA and protein), the rate limiting enzyme in the conversion of progesterone to 3a,5a-THP, is down-regulated during protracted social isolation supports the view that chronic stress could alter neuroactive steroid synthesis (Reddy, 2006) .
During the course of long-term or repeated depressions (58% of our sample had recurrent depressions) the possibility exists that an initial HPA-axis overdrive would, over time, result in allostatic load as reflected in 'exhaustion' of the adrenal-axis system. A meta-analysis on HPA-axis activation associated with chronic stress in humans supports this supposition, since it found that while chronic stress is initially associated with HPA-axis hyperactivity, over time cortisol secretion is reduced by chronic stress exposure (Miller et al., 2007) . Animal studies also indicate that chronic stress exposure is associated with HPA-axis hyporesponsiveness to acute stressors (Blanchard et al., 1993; McKittrick et al., 1995) .
Thus, while our novel preliminary data suggest that there is a persistent generalized reduction in GABAergic neuroactive steroids in women with histories of depression, consistent with adrenal suppression, the argument for adrenal suppression would be strengthened by the inclusion of other measures of HPA-axis regulation. We hypothesize that the pattern of diminished GABAergic neuroactive steroid and cortisol concentrations in those with a history of depression may reflect a physiological adaptation resulting from depression and/or chronic stress. The absence of measures of psychosocial stress is a limitation of the present study and clearly precludes any definitive conclusions about psychosocial factors that may have contributed to the diminished neuroactive steroid profile in women with prior depression.
Residual depressive symptoms, even in the absence of current depressive illness could represent an additional mechanism contributing to the blunted GABAergic neuroactive steroid profile in the present cohort of women with depression histories since they had higher scores on the Beck Depression Inventory than the never depressed women at the time of testing. While their depressive symptom scores did not achieve levels typically considered to be of clinical relevance, nonetheless, the possibility remains that chronic, residual low levels of depressive symptoms following a depressive illness may contribute to sustained suppression of neuroactive steroid concentrations.
Alternatively, sustained and elevated depressive symptoms in those with a history of depression may result from their lower GABAergic neurosteroid concentrations, consistent with the paradoxical behavioral effect that has been observed for GABA A receptor modulators. For example, both animal and human studies have shown that GABA steroids (via the GABA A receptor complex in brain) exert both positive (e.g. anxiolytic, sedative, and anaesthetic properties) and negative behavioral effects (e.g. irritability, aggression, and depressive mood) (Andreen et al., 2009) . A possible mechanism for this paradoxical effect is suggested by animal studies indicating that certain GABA A receptor modulators, including allopregnanolone, have biphasic effects, with low doses or concentrations increasing negative behavioral effects, and high doses or concentrations decreasing negative behavioral effects and having more positive behavioral effects (e.g. Beauchamp et al., 2000; Miczek et al., 1997) . Recent reports from human studies also indicate a bimodal effect of GABA A modulators since postmenopausal women receiving combined hormone therapy (estrogen plus a progestin) exhibit more intense adverse mood effects during treatment with lower doses of the progestin compared with higher doses (Andreen et al., 2003; Bjorn et al., 2002) . Thus, in contrast to depression and chronic-stress associated depletion of GABAergic neurosteroid concentrations (via adrenal suppression) in women with histories of depression, the possibility exists that the lower neurosteroid concentrations serve as pathogenic triggers for the onset of depressive illness in vulnerable individuals and for the maintenance of depressive symptoms even after remission of the depressive episode.
Regardless of the mechanism underlying the reduced GABAergic neuroactive steroid concentrations, there appears to be a compensatory attempt of the system to adjust for lower circulating levels. This is suggested by our findings of elevated neuroactive steroid to progesterone ratios for 3a,5a-THP, 3a,5b-THP, 3a,5a-THDOC, and 3a,5b-THDOC following the oral administration of progesterone in women with histories of depression relative to never depressed women. Specifically, in the women with prior depressions, for a given concentration of progesterone, there is evidence for a differentially greater increase in its conversion to neuroactive steroids. In two separate cohorts of women with PMDD, we have previously reported elevated 3a,5a-THP to progesterone ratios relative to non-PMDD controls (Girdler et al., 2001; Klatzkin et al., 2006a) . These results, taken together, suggest that recurrent affective syndromes may be associated with residual alterations in the enzymatic processing of progesterone to its neuroactive steroid metabolites. However, it must also be acknowledged that one limitation to our study was that we assessed progesterone and neuroactive steroid concentrations at only one time point following oral micronized progesterone. The possibility exists that we may have seen a different pattern of results regarding diagnosis-related differences in GABAergic neuroactive steroid concentrations or in ratios of neuroactive steroids to progesterone at different time points in the metabolic process.
Given the stress-responsiveness of neuroactive steroids (Purdy et al., 1991) , their role in HPA-axis regulation (Morrow et al., 1995) and their antidepressant effects (van Broekhoven and Verkes, 2003) , if a history of depressive illness contributes to long-term alterations in neuroactive steroid concentrations that persist beyond remission of the depressive episode, as the present results suggest, this may represent one mechanism contributing to the increased risk for recurrent depression in those with a history of depression (Lewinsohn et al., 1989) . Future longitudinal studies assessing neuroactive steroid concentrations in remitted patients with histories of depression and subsequent depression episodes would be needed to address this possibility.
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